Heat-labile enterotoxin (LT), the major virulence factor of enterotoxigenic Escherichia coli (ETEC), can lead to severe diarrhea and promotes ETEC adherence to intestinal epithelial cells. Most previous in vitro studies focused on ETEC pathogenesis were conducted under aerobic conditions, which do not reflect the real situation of ETEC infection because the intestine is anoxic. In this study, the expression and secretion of LT under anaerobic or microaerobic conditions were determined; LT was not efficiently secreted into the supernatant under anaerobic or microaerobic conditions unless terminal electron acceptors (trimethylamine N-oxide dihydrate [TMAO] or nitrate) were available. Furthermore, we found that the restoration effects of TMAO and nitrate on LT secretion could be inhibited by amytal or ⌬torCAD and ⌬narG E. coli strains, indicating that LT secretion under anaerobic conditions was dependent on the integrity of the respiratory chain. At the same time, electron acceptors increase the ATP level of ETEC, but this increase was not the main reason for LT secretion. Subsequently, the relationship between the integrity of the respiratory chain and the function of the type II secretion system was determined. The GspD protein, the secretin of ETEC, was assembled under anaerobic conditions and was accompanied by LT secretion when TMAO or nitrate was added. Our data also demonstrated that TMAO and nitrate could not induce the GspD assembly and LT secretion in ⌬torCAD and ⌬narG strains, respectively. Moreover, GspD assembly under anaerobic conditions was assisted by the pilot protein YghG.
nterotoxigenic Escherichia coli (ETEC) is an important enteric pathogen that causes cholera-like diarrhea in humans and porcines (1) . ETEC is a leading cause of mortality in children in less developed countries (2) and is the most common cause of travelers' diarrhea worldwide (3), accounting for more than 200 million cases of diarrhea and approximately 400,000 deaths of children annually (4, 5) . A complete understanding of the virulence factors of secretion under the complex intestinal environment is a key event in diarrheal pathogenesis.
Heat-labile enterotoxin (LT) is one of the critical ETEC enterotoxins, and the pathogenesis is well established. After release into the host small intestine, a pentamer of the B subunit of LT binds to epithelial cell surface receptor gangliosides (e.g., GM1). After the holotoxin is internalized by the Golgi apparatus, the A subunit exerts NAD-glycohydrolase and ADP-ribosyltransferase activities, which irreversibly activate adenylate cyclase and induce an increase in intracellular cyclic AMP (cAMP) (6) . Subsequently, the chloride ion channel of the cystic fibrosis transmembrane regulator is opened, causing chloride ions and water to enter the intestinal lumen (7) . LT also plays multiple roles in modulating host cell function and bacterial adherence (8) (9) (10) (11) . For example, LT activates both the NF-B and mitogen-activated protein kinase pathways, which promote ETEC adherence to intestinal epithelial cells (12, 13) .
The type II secretion (T2S) system is a large complex composed of 12 to 16 proteins (14) that spans both the inner and outer membranes of Gram-negative bacteria. It is well documented that the T2S system is encoded by the gspCDEFGHIJKLM gene cluster and accounts for LT secretion in ETEC H10407 (15) . A functional T2S system, like other secretion systems (T3S, type IV pili, etc.), depends on the localization and assembly of the secretin in the outer membrane (16, 17) . In ETEC, the secretin form of GspD is a membrane pore through which the toxin or folded proteins are secreted (15) .
A recent study focused on ETEC enterotoxin expression in response to environment and host. The results demonstrated that oral rehydration therapy with a salt and glucose solution is likely to impact ST and LT expression via CRP (cAMP receptor protein) and H-NS in ETEC (18) . An earlier study of enterohemorrhagic Escherichia coli under anaerobic conditions demonstrated that secretion of the virulence factors EspB and Tir is regulated by the host environment (19) . These results indicate that (i) pathogenicity is rigorously regulated by host environmental stimulation (19, 20) and (ii) the expression and secretion of virulence factors are two separate processes that affect the pathogenicity of microorganisms at different levels. Previously, most functional and pathology studies that were focused on ETEC were performed under aerobic conditions (21) (22) (23) ; however, in the intestine, the target position of ETEC infection is anoxic or anaerobic. In addition, the environment of the intestine (i.e., pH, nutrient availability, and osmolality) is distinctly different from in vitro conditions (24) . Here, we found that LT was inefficiently secreted into the supernatant under anaerobic or microaerobic conditions unless terminal electron acceptors, i.e., lowmolecular-weight oxygen-containing molecules, some of which are abundant in the intestine, were available. A probable mechanism of this process is also provided.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Routinely, ETEC strains were precultured overnight at 37°C in CAYE broth (2% Casamino Acids, 0.15% yeast extract, 43 mM NaCl, 50 mM K 2 PO 4 , 0.25% glucose, and 0.1% trace salts [0.415 M MgSO 4 , 40 mM MnCl 2 , and 30 mM FeCl 3 ]), and the cultures were then diluted 1:100 in fresh CAYE medium, with or without an electron acceptor (10 mM), in a 15-ml tube. The bacteria were further cultured for 3 h at 37°C in an anaerobic/microaerobic system (Gen-Science Scientific Instruments, Inc., USA) without shaking. Specifically, the bacteria were grown in CAYE with shaking as an aerobic condition. The bacteria were incubated in an anaerobic jar, and the air in the jar was replaced with 10% CO 2 , 10% H 2 , and 80% N 2 three times to create anaerobic conditions. When the bacteria were incubated in the microaerobic jar, half of the air in the jar was replaced once with 10% CO 2 , 10% H 2 , and 80% N 2 to create microaerobic conditions. To inhibit protein synthesis and respiration, excess amounts of amytal (5 mM) were added to the bacterial culture grown without any electron acceptor. After 30 min of incubation at 37°C, an electron acceptor was added, and the bacteria were incubated for an additional 3 h at 37°C. The electron acceptors used were trimethylamine N-oxide dihydrate (TMAO; catalog no. 92277; Sigma-Aldrich), dimethyl sulfoxide (DMSO; catalog no. D8418; Sigma-Aldrich), nitrate, fumarate (F1506; Sigma-Aldrich) and NaNO 3 . E. coli BL21(DE3) cells were cultured in Luria-Bertani (LB) medium.
Construction of mutants in H10407.
To construct the deletion mutants, a one-step inactivation method (25) was used. Briefly, wild-type H10407 cells were transformed with the temperature-sensitive plasmid pKD46 (the helper plasmid encoding the -Red, Gam, and Bet proteins utilized to construct the various deletion mutants). The deletion mutations were created by removal of the open reading frame (ORF). The DNA sequences of the primers are listed in Table 2 . Specifically, the ETEC H10407 cells carrying pKD46 were first grown in 5 ml of SOB medium with 100 g/ml ampicillin (Amp) at 32°C overnight. Next, a 1:100 dilution of the culture was inoculated into 100 ml of fresh SOB with 100 g/ml Amp. When the optical density at 600 nm (OD 600 ) reached 0.2, 30 mM L-arabinose was added, and the culture was incubated for an additional 1 h. As shown in Table 2 , pKD4 was amplified using two primers for the FRT-kam-FRT fragment, with each primer consisting of 37-to 70-bp homology extensions of the target gene and 20-bp priming sequences for pKD4. The PCR products were gel purified and treated with DpnI, and electroporation was performed using a Bio-Rad GenePulser Xcell with 0.2-cm chambers at 2.5 kV, 25 F, 200 ⍀, and 2 ms using 10 to 100 ng of product and 25 l of cells. The shocked cells were added to 1 ml of SOC immediately, incubated for 1 h at 37°C and then spread onto agar to select the kanamycin-resistant transformants. A positive colony was confirmed by PCR and DNA sequencing.
Analysis of the proteins in culture supernatants and whole-cell extracts. The bacteria were grown as described above and harvested from 1-ml cultures by centrifugation at 12,000 rpm for 2 min. The bacterial pellet was dissolved in radioimmunoprecipitation assay buffer (100 l per OD 600 unit of the original culture). The trichloroacetic acid (TCA) method for precipitation of the proteins from the culture supernatant was based on the Cold Spring Harbor protocol with slight modifications. In this study, 40 ml of the culture was centrifuged at 5,500 ϫ g for 10 min, and the supernatant was then passed through a filter (0.22-m pore size; Millipore). The proteins in the filtrate were precipitated by adding 10% (final) TCA on ice and, after 20 min, the precipitate was harvested by centrifugation at 20,000 ϫ g for 30 min and removal of the supernatant. Acetone with an equal volume of TCA was added to rinse the pellet, which was then collected by centrifugation at 20,000 ϫ g for 10 min. Finally, the dry protein pellet was dissolved in sodium dodecyl sulfate (SDS) sample buffer for the next steps.
Construction of the complementation plasmids and the expression plasmid. The gspD and yghG ORFs were amplified from the H10407 genome with the primers gspD-3/gspD-4 and yghG-1/yghG-2 ( Table 2) 
TTCGAATTATGCTTTGACTATTCCACAGGTG
Pbad-yghG clone a after XhoI and HindIII restriction digestion. The products were then cloned into vector pBAD/His B to construct the complementation plasmids pBAD-gspD/His and pBAD-yghG/His, which can be expressed under L-arabinose by induction in a dose-dependent manner. The gspD ORF was amplified from the H10407 genome with primers gspD-1/gspD-2 (Table 2) after BamHI and NdeI restriction digestion. The product was then cloned into vector pET19b to construct the gspD expression vector pET19b-gspD/His, which can be induced by IPTG (isopropyl-␤-D-thiogalactopyranoside). The vector was then transformed into the BL21(DE3) host strain.
Production of antisera. The anti-gspD antiserum was produced based on a previously described method (17) , with slight modification. Briefly, the plasmid pET19b-gspD/His encoded the gspD gene and was transformed into BL21(DE3) cells. The culture was grown in 800 ml of LB broth containing 1 mM IPTG for the expression of N-terminally Histagged GspD. The cells were harvested and resuspended in 10 ml of lysis buffer (50 mM Tris [pH 8.0], 10% glycerol 0.1% Triton X-100, 100 g/ml lysozyme, 1 mM phenylmethylsulfonyl fluoride [PMSF], 3 U of DNase, and 2 mM MgCl 2 ), followed by ultrasonic treatment (300 W) for 10 s and then a 10-s suspension, with a total processing time of 30 min. The cell debris was pelleted by centrifugation at 12,000 ϫ g for 30 min at 4°C. The supernatant was added to an Ni-nitrilotriacetic acid affinity column (Novagen HisBind purification kit), and the flow speed was controlled at Ͻ4 drops/min. Ten times the column bed volume of 1ϫ binding buffer (0.5 M NaCl, 20 mM Tris-HCl, 60 mM imidazole [pH 7.9]) was added, followed by six times the column bed volume of 1ϫ wash buffer (0.5 M NaCl, 20 mM Tris-HCl, 5 mM imidazole [pH 7.9]). Finally, the target protein was eluted with six times the column bed volume of 1ϫ elution buffer (1 M imidazole, 0.5 M NaCl, 20 mM Tris-HCl [pH 7.9]). Selected fractions were applied to a desalting column (HiPrep 26/10 desalting column; GE Healthcare) and were resuspended in 20 mM Tris at pH 8.0. The preparation was then applied to an anion-exchange column (6-ml Resource Q; GE Healthcare) and eluted with a gradient of buffer A (20 mM Tris at pH 8.0) and buffer B (20 mM Tris and 500 mM NaCl at pH 8.0). A 250-g aliquot of each protein in complete Freund adjuvant was injected into female rabbits. Equal amounts of protein in incomplete Freund adjuvant were injected at 4, 7, and 10 weeks after the initial injection, followed by serum collection 2 weeks later.
Western blotting. The bacterial pellets were resuspended in ice-cold lysis buffer (6 
1% PMSF, and 0.5% Ampholyte [Bio-Rad 3-10]), followed by incubation on ice for 30 min. The lysates were centrifuged at 17,000 ϫ g and 4°C for 20 min, and the supernatant was stored at Ϫ80°C until ready for use. The protein concentrations were determined by using a TaKaRa Bradford protein assay kit (catalog no. T9310A; TaKaRa). The proteins were electrophoresed in a 10% SDS-PAGE gel and then transferred to polyvinylidene difluoride (PVDF) membranes. For GspD multimeric and monomeric proteins, the whole-cell samples were separated by 3 to 8% SDS gradient PAGE (Bio-Rad) until a 75-kDa protein standard was ϳ0.5 cm from the bottom of the gel and then transferred to PVDF membranes. The membranes were blocked with 5% nonfat milk in TBST (Tris-buffered saline plus Tween) at room temperature for 1 h, followed by incubation with primary antibodies overnight at 4°C: anti-LT subunit (AϩB) ab188541 (Abcam) for LT detection, anti-DnaK for DnaK detection, antiHis for recombinant protein GspD-His or YghG-His detection, and antiGspD antiserum for GspD detection. The membranes were washed three times in TBST, followed by incubation with secondary antibodies (a horseradish peroxidase-conjugated anti-rabbit IgG) for 2 h at room temperature. The proteins were visualized using chemiluminescent substrate (ECL detection kit; Thermo).
Assays for LT secretion. The concentrations of LT in the culture supernatant were determined by using a GM1-ganglioside enzyme-linked immunosorbent assay (GM1-ELISA) and according to previously described methods (20, 26) with a slight modification. The primary antibody was rabbit anti-cholera toxin IgG (Sigma-Aldrich) at a 1:2,500 dilution, and the secondary antibody was horseradish peroxidase-conjugated sheep anti-rabbit anti-CT antibody (Bioss Antibodies) diluted to 1:10,000. After the addition of each antibody, the samples were incubated for 60 min at 37°C. After three additional washes with PBS-T, the bound antibody was detected using TMB, and after 3 min of incubation at room temperature, the reaction was stopped by the addition of 2 M H 2 SO 4 (30 l/well), and the OD 450 was measured. Standard curves were generated in each assay plate by using 2-fold serial dilutions of purified LT (165B; List Biological Laboratories) at a starting concentration of 400 ng/ml. A regression analysis (R 2 Ͼ 0.96) was used to generate a standard curve for the determination of the LT concentrations in the test samples.
Measurement of the relative ATP concentration. The relative ATP concentration of the bacterial whole-cell lysates was tested using an ATP determination kit (Molecular Probes) based on the manufacturer's instructions (with a necessary modification). A 10-l aliquot of the bacterial culture, prepared as described above, was mixed with 90 l of the standard reaction solution containing polymyxin B sulfate (10 4 U/ml) in a luminometer cuvette. The reaction mixture was vortexed briefly, and the luminescence was measured immediately in a fluorescence microplate reader (Tecan Infinite M200 Pro), with the luminescence readings taken for 10 s. The luminescence measurements were normalized to the bacterial density of each culture, which was measured as the OD 600 .
RESULTS
Effect of electron acceptors on the growth rate and LT secretion in ETEC under anaerobic conditions. In EPEC, the secretion of the virulence factors EspB and Tir by the TTS system can be restored under anaerobic conditions after adding electron acceptors (19) . We therefore investigated whether the secretion of LT in wild-type ETEC H10407 through the T2S system would yield a similar result. Therefore, we compared the growth rate and the secretion of the virulence factor (LT) in ETEC grown under two low-O 2 conditions, anaerobic and microaerobic, with or without electron acceptors. Under both of the low-O 2 conditions, the growth rate of ETEC in the exponential phase was lower, and the cell density in the stationary phase was lower than under the aerobic conditions. In this study, terminal electron acceptors (an alternative to O 2 ) were added as a stimulation of ETEC growth. Of the four electron acceptors tested in the study, fumarate, DMSO, TMAO, and nitrate affected ETEC growth in a similar manner. Although the growth rate in the exponential phase was not significantly affected, the growth rate was regained to a certain extent in the stationary phase (Fig. 1A) .
Furthermore, the expression and secretion level of the LT virulence factor that was encoded by the ETEC eltAB operon was compared between the aerobic and two-low O 2 conditions. The amounts of LT secreted into the ETEC culture supernatant under anaerobic and microaerobic conditions were much lower than those under aerobic conditions (Fig. 1B) . Next, the amounts of LT inside ETEC cells and of extracellular secretion in the presence of an electron acceptor were determined by Western blotting and the GM1-ELISA method. The level of LT expression inside the ETEC cells with an electron acceptor was almost the same as that without an electron acceptor. However, the amount of LT secretion in the culture supernatant with an electron acceptor (TMAO and nitrate) was greater than without any electron acceptor (Fig. 1C) . Similar results were obtained using the GM1-ELISA method (Fig.  1D) . It is interesting that there was no significant difference among the four electron acceptors in the ETEC growth-promoting effect; nevertheless, TMAO and nitrate had a significant effect on the restoration of LT secretion under the anaerobic conditions, although DMSO and fumarate did not yield similar results. Furthermore, to exclude the LT release caused by the lysis of ETEC cells or other secretion pathways, the cytoplasmic protein DnaK was detected simultaneously, and a negative result occurred. At the same time, we found that LT was not secreted into the culture supernatant of the gspD mutant of ETEC, which lacked a functional T2S system (Fig. 1E and F) . These results suggest that the LT was expressed but retained in ETEC cells without secretion under the anaerobic conditions. TMAO and nitrate increased the LT secretion, which was not caused by either the growth stimulation or another secretion pathway. Instead, the secretion was likely a result of other mechanisms that specifically respond to TMAO and nitrate.
TMAO and nitrate-induced respiratory system activation is essential to LT secretion under anaerobic conditions. LT secretion was recovered by adding the terminal electron acceptors, TMAO and nitrate, which assist in electron transfer. To explore the relationship between the activation of the anaerobic respiratory system and LT secretion under the anaerobic conditions, the effect of a respiratory inhibitor on this process was examined. We found that the activation effect of TMAO and nitrate on LT secretion was completely abolished by pretreatment with amytal under the anaerobic conditions ( Fig. 2A) . The data indicated that activation of the respiratory system under the anaerobic conditions is essential to regain LT secretion. To further confirm the necessity of activation of the anaerobic respiratory system, a series of mutants that were deficient in respiratory electron transfer chains were used. Because quinones are essential components in these respiratory chains (⌬ubiE) that are deficient in the synthesis of ubiquinone and menaquinone (27) , a ⌬menA mutant deficient in the synthesis of menaquinone and demethyl menaquinone (28) was constructed from wild-type ETEC H10407. In our study, both deficient strains (i.e., the ⌬ubiE and ⌬menA strains) impaired the restoration effect of LT secretion in response to TMAO and nitrate (Fig. 2B) . Similar results were obtained with the GM1-ELISA method (Fig. 2C) . These results strongly indicate that activation of the respiratory system is necessary to regain LT secretion in ETEC under anaerobic conditions. The effect of TMAO and nitrate on LT secretion is achieved through restoration of the integrity of the respiratory chain under anaerobic conditions. During the last step of respiration, electrons are transferred from quinines to the terminal electron acceptors utilizing an electron acceptor-specific reductase. It has been verified that the complete respiration chain is essential for LT secretion under anaerobic conditions. In addition, we further investigated whether the effect of TMAO and nitrate on LT secretion is achieved by activation of the T2S system. First, several genes in the signaling pathways of the electron acceptor-specific reductase were inactivated, and the effect of TMAO and nitrate on the restored function of LT secretion was studied.
TMAO reductase is encoded by torCAD (29) , which is regulated by the TorSTR protein (30) . Three operons encode three different nitrate reductases. First, the narGHJI operon encodes the most important nitrate reductase located in the cytoplasmic membrane, which is activated by the NarXL signaling pathway (31, 32) . The second nitrate reductase is encoded by the narVWYZ operon (33) and displays biochemical activity similar to that of NarGHJI. The napFDAGHBC operon encodes the third nitrate reductase, which is located in the periplasm and is activated by the NarPQ signaling pathway (34) . First, torCAD, narG, and narVWYZ were deleted separately in wild-type ETEC H1040, and the effect of regaining the LT secretion stimulated by TMAO and nitrate was determined. We found that these mutants specifically inhibited the restoration effect of the electron acceptor on LT toxin secretion. For instance, with TMAO, the LT toxin was almost undetectable in the ⌬torCAD culture supernatant under anaerobic conditions but was not affected by the response to nitrate (Fig. 3A) . Similarly, LT was accumulated inside the ⌬narG cells but was almost not secreted in the supernatant, even with nitrate stimulation. Next, an ETEC H10407 strain lacking the reg- secretion in wild-type ETEC H10407. The bacteria were grown under anaerobic conditions at 37°C for 3 h without any electron acceptor, amytal (5 mM) was added, and the samples were exposed for 30 min at 37°C. LTa in the whole-cell extract and culture supernatant was detected by Western blot analysis. (B) Effects of LT secretion on wild-type ETEC H10407 and ETEC H10407 with defective respiratory electron transfer chains. ETEC strains that were deficient in quinine synthesis (⌬ubiE and ⌬menA) were incubated under anaerobic conditions at 37°C for 3 h with or without an electron acceptor. (C) The concentration of LT in the supernatant was measured using the GM1-ELISA method with cultures of wild-type H10407 (WT) and quinine synthesis-deficient strains (⌬ubiE and ⌬menA) with or without electron acceptors.
FIG 3
Role of TMAO and nitrate-specific electron acceptor-specific reductase and its signal transduction systems in the activation of T2S and LT secretion under anaerobic conditions. (A) ETEC was grown under anaerobic conditions at 37°C for 3 h with or without an electron acceptor. LTa in the supernatant and whole cells was detected by using a Western blot assay. Strains: ⌬torCAD strain, deficient in TMAO reductase; narG strain, deficient in nitrate reductase; ⌬narVWYZ strain, deficient in NarVWYZ nitrate reductase; ⌬torSTR strain, lacking the TMAO-specific signaling system; ⌬narQ strain, lacking the nitratespecific sensor kinase; ⌬narP strain, lacking the nitrate-specific response regulator; ⌬narXL strain, lacking the nitrate-specific signaling system. (B) Concentrations of LT in the supernatant measured using the GM1-ELISA method from cultures of wild-type H10407 (WT) and the other strains described in panel A with or without electron acceptors. ulation function in the electron acceptor-specific reductase was constructed (⌬torSTR ⌬narP ⌬narQ ⌬narXL). We found that the LT expressed inside the cell was not affected. However, the LT secreted into the supernatant in response to TMAO or nitrate was specifically absent. LT was almost not detected in the ⌬torSTR culture supernatant even when TMAO was stimulated, and even if presenting nitrate in the ⌬narXL strain, the LT secretion was completely impaired (Fig. 3A) . Similar results were obtained with the GM1-ELISA (Fig. 3B) . These results suggest that the effect of TMAO and nitrate on LT secretion is achieved through specific restoration of the integrity of the respiratory chain under anaerobic conditions.
Increasing ATP concentrations under an anaerobic condition does not promote LT secretion. GspE is an ATPase in the T2S system and, through the interaction with GspL to produce ATP, provides a driving force to the T2S system for secretion. To determine the relationship between increasing ATP and LT secretion under anaerobic conditions, the ATP concentrations of wildtype ETEC H10407 with or without electron acceptors were first measured. We found that all four electron accepters increased the ATP concentration (as shown in Fig. 4) . Then, we increased the ATP concentration in ⌬purK ETEC by culturing with added adenine; however, LT in the supernatant was not detected. This result suggests that the increase in the ATP concentration is not the main reason for LT secretion under anaerobic conditions promoted by TMAO and nitrate.
TMAO and nitrate facilitate the assembly of a functional T2S under anaerobic conditions through restoration of the integrity of the respiratory chain. Proteins destined to be secreted by the T2S system are folded and transported out of the membrane through a pore formed by a multimeric GspD complex (secretin), which is located in the outer membrane. The GspD protein with a multimeric form is essential to the function of T2S. Therefore, we assumed that the electron acceptors likely facilitate the localization and multimerization of the GspD protein under anaerobic conditions. Therefore, to determine whether TMAO and nitrate are inducers of GspD assembly under anaerobic conditions, the status of GspD was determined with or without an electron acceptor by Western blotting, and the LT in the supernatant was also determined. As shown in Fig. 5 , under aerobic conditions, the GspD proteins of wild-type ETEC and the ⌬gspD mutant complemented with pBAD-gspD/His could be multimerized and were able to secrete LT toxin, whereas the ⌬gspD mutant could not. Under anaerobic conditions, although the GspD protein was ex- 
FIG 5 Electron acceptor-induced functional GspD protein assembly and LT
secretion through specifically active corresponding reductases. (A) A Western blot analysis was performed for the whole-cell samples of the wild-type H10407 (WT), a ⌬gspD strain, or a ⌬gspD strain complemented with pBADgspD/His and strains with specific deficiencies in the respiratory chain, e.g., the ⌬torCAD (deficient in TMAO reductase) and ⌬narG (deficient in nitrate reductase) strains. These strains were cultured as previously described under anaerobic conditions with TMAO or nitrate. L-Arabinose (Ara; 0.5 mM) was used for the induction of plasmid-encoded protein GspD expression. The GspD secretin (multimer) and the monomer were observed by using an anti- pressed, only a monomer form of the GspD protein was detected in wild-type ETEC H10407, and it was unable to secrete LT. However, when TMAO or nitrate was added, the multimeric form of the GspD protein was restored. These data show that both TMAO and nitrate are induced to assemble T2S under anaerobic conditions.
The results shown in Fig. 2 and 3 reveal that the integrity of the respiratory chain can be recovered by TMAO or nitrate through a specific pathway under anaerobic conditions. We wanted to further investigate the relationships between the integrity of the respiratory chain and the T2S assembly under anaerobic conditions. The multimeric form of the GspD protein was detected in ETEC deficient in the electron acceptor-specific reductase ⌬torCAD, ⌬narG, and wild-type H10407 strains. As shown in Fig. 5 , electron acceptors were able to induce multimeric GspD in a specific manner. TMAO was unable to induce the multimeric form of GspD in ⌬torCAD regularly (this strain with an incomplete respiratory chain is deficient in TMAO reductase). In contrast, by adding nitrate, the GspD protein was not able to be regularly assembled in the ⌬narG mutant, a strain with an incomplete respiratory chain that is deficient in nitrate reductase. These data strongly indicate that the integrated respiratory chain is essential for assembling the functional T2S system. In addition, TMAO and nitrate induced a functional T2S system assembly under anaerobic conditions through integration of the respiratory chain by specifically activating the corresponding signaling pathway.
In an effective T2S system, the GspD multimerized primer, which is localized to the outer membrane, requires YghG, a lipoprotein with a pilot function. In the absence of YghG, GspD is present in the inner membrane fractions accompanied by the abrogation of LT secretion. Therefore, we assumed that the T2S system assembly under anaerobic conditions also assists with the YghG pilotin protein. To confirm whether the GspD assembly is affected by YghG under anaerobic conditions, the ⌬yghG strain and its complemented strain with pBAD-yghG/His in trans were used, and the GspD assembly and LT concentration were tested with or without TMAO. As shown in Fig. 6 , the expression of the yghG gene in the wild type and the complemented strain with pBAD-yghG/His in the ⌬yghG mutant resulted in GspD multimerization and LT secretion in the aerobic condition, as expected. However, under anaerobic conditions and without any electron acceptor, the GspD was not assembled in any of the strains mentioned above, and the LT in the supernatant was nearly undetectable by the GM1-ELISA method. The results indicate that the pilotin function of the YghG protein can be restored under anaerobic conditions only in the presence of an electron acceptor. In this study, 0, 0.1, and 0.5% L-arabinose were used to induce YghG expression, which was encoded by the pBAD-yghG/His vector. YghG expression was slightly promoted with an increase in L-arabinose concentration and, at the same time, the expression levels of the secretin form of GspD and LT in the supernatant were increased accordingly in both the TMAO and the nitrate groups.
DISCUSSION
LT is a major virulence determinant of ETEC, which is released from the bacteria through the T2S system (15) . Previously, many studies focused on the relationship between the T2S system and LT secretion under aerobic conditions (8, 35, 36) . However, in the present study, the failure to identify LT in the culture supernatant under anaerobic and microaerobic conditions in vitro contradicted the well-understood concept that ETEC can release the toxin in the human or porcine intestine because the intestinal tract is microaerobic. We explored the key factors that cause LT secretion in ETEC under anaerobic conditions and the possible mechanisms.
Initially, we found that the terminal electron acceptors (TMAO and nitrate) not only promote the ETEC growth rate but also activate LT secretion under anaerobic conditions. In addition, while the growth rate was increased using DMSO and fumarate, the LT secretion was not restored (Fig. 1) . Although it is not clear why DMSO and fumarate were not able to activate the secretion of LT toxin, at least it is clear that a growth promotion effect is not a unique requirement for LT secretion under anaerobic conditions. Because ETEC is a facultative anaerobe, a regulating system exists to cope with anaerobic and microaerobic conditions (37) that assists with electron transfer from the donor to terminal acceptors. Low-molecular-weight oxygen-containing molecules are usually utilized as terminal electron acceptors, which are abundant in the intestine because they originate from food or are the products of metabolism (24) . The main function of terminal electron acceptors is to achieve electron transfer under anaerobic conditions and thereby complete the respiratory system (38) . Next, the relationship between respiratory system activation and LT secretion under anaerobic conditions was examined. With the addition of the respiratory inhibitor (amytal) (Fig. 2A) or in quinine synthesis-deficient ETEC strains (⌬ubiE and ⌬menA) (Fig. 2B) , neither TMAO nor nitrate was able to restore the secretion of LT toxin. The data suggest that restoration of the LT secretion under anaerobic conditions was dependent on the activity of the respiratory system. The respiratory chains of E. coli consist of various dehydrogenases and terminal or redox enzymes, which are linked by quinines. Each pathway was regulated rigorously; for example, the presence of nitrate is able to repress other terminal reductases, such as fumarate or DMSO reductases, and nitrate regulation is affected by membranous nitrate sensors (NarX and NarQ) and cytoplasmic response regulators (NarL and NarP), which communicate via protein phosphorylation (38, 39) . To further investigate whether the activation of LT secretion by TMAO and nitrate is through activation of the respiratory system, a series of mutants that were deficient in the TMAO-or the nitrate-specific signaling system and reductase were constructed, and the responses to these mutants were examined. As shown in Fig. 3 , the effects of LT secretion restoration by TMAO and nitrate were regulated separately. For instance, during the last step of respiration, TMAO with two protons (H ϩ ) generated TMA, H 2 O, and ATP in a reaction catalyzed by TorCAD (38, 40) . In the ⌬torCAD strain, the LT secretion response to TMAO was almost nonexistent, and the response to nitrate was not affected (Fig. 3A) . A similar phenomenon was also detected in the ⌬narG strain. The next question is whether the LT secretion is activated by ATP incensement because ATP is also a driving force for secretion by the T2S system. In this study, we increased the ATP concentration in ETEC using the purK mutant and by growing the bacteria in medium containing adenine; however, LT secretion was still at a low level under the anaerobic conditions; even the ATP concentration in the ⌬purK mutant with adenine was higher than in the wild-type ETEC with TMAO or nitrate. These data suggest that an increase in the ATP level was not directly correlated with LT secretion and the T2S activity.
According to previous studies, a functional T2S system is assembled in a dodecameric form and localizes to the outer membrane (41) . The C-terminal 300 to 400 residues of GspD are the most conserved among the secretin superfamily (42, 43) , which form the actual outer membrane pore for LT secretion (15) . In the present study, we found that the terminal electron acceptor (TMAO and nitrate) could facilitate the GspD protein assembled under anaerobic conditions and thereby restore LT secretion (Fig.  5A ). In addition, we found that this process was associated with activation of a specific electron transfer chain. This result further confirmed that the integrity of the respiratory chain is essential for the assembly of the T2S system. Based on previous research, the gspCDEFGHIJKLM cluster and three upstream genes-yghJ, pppA, and yghG-were cotranscribed, and deletion of the yghG gene prevented assembly of the GspD secretin, which resulted in a nonfunctional T2S system (35) . In the present study, under anaerobic conditions, the secretin form of GspD was not detected in the ⌬yghG strain even when TMAO or nitrate was added. This result indicates that the electron acceptor-induced functional T2S requires YghG. As shown in Fig. 6 , along with an increased amount of YghG expression induced by L-arabinose, the secretin form of GspD was also increased, strongly suggesting that YghG is an effective pilot protein and plays a crucial role in GspD protein assembly under anaerobic conditions. In summary, the results of our study illustrate that the restoration effect of electron acceptors on LT secretion was realized through completing the electron transfer of the respiratory chain. The integrated respiratory chain promoted the GspD assembly in the T2S system; thus, the secretion of LT toxin under anaerobic conditions was active. These results suggest that LT released in the intestine is likely to be precisely regulated and closely related to the activation of the anaerobic respiratory system and the assembly of the T2S system. These results also suggest that in an in vitro LT secretion study, the intestinal environment should be considered. In this study, the key factors of ETEC secreting LT toxin under anaerobic conditions were first reported, and a probable mechanism of ETEC secreting LT toxin in the intestinal oxygen-deficient environment was provided. These data have contributed to a deeper understanding of ETEC pathogenesis and interactions between a pathogen and the environment. In additional research regarding the complex environment of the human intestine, the effects of various types of food ingredients or metabolites or even the microbes on the toxin secretion of pathogens require further elucidation.
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